Lysine decarboxylase ofEscherichia coli has been the subject of enzymological studies, and the gene encoding lysine decarboxylase (cadA4) and a regulatory gene (cadR) have been mapped. This enzyme is induced at low pH in the presence of lysine and achieves maximal level under anaerobic conditions. The induction of lysine decarboxylase increases the pH of the extracellular medium and provides a distinctive marker in tests of clinical strains. We report the sequence of the cad operon encoding lysine decarboxylase, a protein of 715 amino acids, and another protein, CadB, of 444 amino acids. The amino acid sequence of lysine decarboxylase showed high homology to that of the lysine decarboxylase of Hafnia alvei with less homology to the sequence of speC, which encodes the biosynthetic ornithine decarboxylase of E. coli. The cadA and cadB genes were separately cloned and placed under the control of lac and tac promoters, respectively, to facilitate independent study of their physiological effects. The cadB gene product had a mobility characteristic of a smaller protein on protein gels, analogous to that found for some other membrane proteins. The CadB sequence showed homology to that of ArcD of Pseudomonas aeruginosa, encoding an arginine/ornithine antiporter. Excretion studies of various strains, the coinduction of cadB and cadA, and the attractive physiological role for an antiport system led to a model for the coupled action of cadA and cadB in uptake of lysine, the reduction of H+ concentration, and excretion of cadaverine.
Two types of amino acid decarboxylases exist in Escherichia coli. Biosynthetic enzymes are involved in the synthesis of polyamines and are expressed at low levels regardless of pH variation (56) . Biodegradative enzymes such as lysine decarboxylase are strongly induced at acidic pH (5, 49, 56) and hence have a possible role in maintaining pH homeostasis or extending the growth period by detoxification of the extracellular medium (20) . Although it has been stated elsewhere that the cadaverine generated from decarboxylation of L-lysine is not further metabolized for energy production but is excreted out of the cell as part of a countermeasure to acidic environment (49) , no direct detailed analysis of this aspect has been reported. Unlike arginine and ornithine decarboxylases, two types of enzymes that have been well characterized previously (56) , only the inducible form of lysine decarboxylase has been analyzed previously (49, 50) , although some evidence has indicated the presence of a pH-constitutive form of lysine decarboxylase in E. coli (24, 64) .
Mutants of cadA have been isolated, and the gene was first mapped to around 92 min on the E. coli genome (57) . Subsequent detailed mapping of in vivo Mu dX operon fusion strains deficient in lysine decarboxylase activity and mini-Mu clones revealed that cadA4 was at 93.7 min (5) . In studies of protein expression from the plasmid pLC4-5, it was found that cadA4 and lysU were both expressed (59); however, the orientation and order relative to the surrounding genes were not established. We report here the complete sequence of the cad operon, including cadA4, the gene encoding the inducible lysine decarboxylase, and cadB, an upstream gene whose gene product appears to be homologous to the ArcD protein of Pseudomonas aeruginosa (34) .
The gene arcD is in an operon which encodes enzymes for 14 Plasmids bearing inserts were identified as white colonies on plates containing Luria broth, X-Gal (5-bromo-4-chloro-3-indolyl-o-D-galactopyranoside) (40 ,ug/ml) , and IPTG (isopropyl-p-D-thiogalactopyranoside) (40 , ugIml) plus ampicillin (30 ,ug/ml) or kanamycin (50 ,ug/ml). Plasmid DNA was isolated and subjected to restriction enzyme analysis (36) .
DNA sequence analysis. Synthesis of single-stranded DNA was induced by infecting the host strain 71-18 bearing the recombinant phagemid with phage IR1 (16) . Sequencing was carried out by the modified dideoxy chain termination method as described by U.S. Biochemicals. Synthesized oligonucleotide primers based on the known sequences were used to bridge the gap regions. DNA sequences from autoradiograms were read manually and were analyzed with MacVector sequence analysis software (International Biotechnology, Inc.). The Eugene data bank system provided by the Molecular Biology Information Resources at the Baylor College of Medicine was used for homology searches and prediction of secondary structure.
Protein expression of cad4. An overnight Luria broth culture of strain MC4100 harboring pBGS18+ or pCADA was grown to an optical density at 600 nm of 0.3 in modified Falkow lysine decarboxylase medium at pH 8 with agitation and in the presence of IPTG and kanamycin, a noninducing condition for the pH-regulated chromosomal cadA gene. Total-cell protein extracts were separated on a 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and stained by Coomassie brilliant blue.
Cloning of the cadB gene by PCR. The total sequence upstream from cadA present in the insert pSM10 (37) was determined. An open reading frame (ORF) (1,332 bp long) was found and designated cadB. A forward primer aggagaagaCCATG£igttctgcc corresponding to the N terminus with two mismatches (underlined) and a backward primer £gQ TCGAGatgaaaggaggagcctcg corresponding to a region beyond the C terminus of the cadB gene were designed to contain an NcoI site (capital letters) and an XhoI site (capital letters), respectively, for insertion of the PCR fragment into pPV9+700 (61) such that cadB is under the control of the tac promoter without any interference from the cad upstream regulatory sequence. This manipulation introduced only one base pair change in the second codon of cadB: a change from AGT (Ser) to GGT (Gly).
Expression of cadB gene product in maxicells. The attempt to express the cadB gene in strain CSR603 was hampered by extremely slow growth. Therefore, a lacIq gene on an F factor was introduced from strain XL1 to CSR603 by mating. Successful conjugants (CSR603F') were selected on Luria broth plates with streptomycin (25 ,ug/ml) and tetracycline (15 ,ug/ml). Transformed CSR603F' cells were grown in special medium and were UV irradiated as described by Sancar et al. (52) . The tac promoter was induced with IPTG 30 min prior to labeling with trans-35S. Samples were analyzed by SDS-PAGE and autoradiography.
Cadaverine excretion assay. Strains were grown in modified Falkow lysine decarboxylase media buffered with 100 mM MES (morpholineethanesulfonic acid) (pH 5.5) or with 100 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 8) as described elsewhere (37) . Anaerobic cultures were grown in screwcap test tubes (16 by 125 mm) containing 10 ml of modified Falkow lysine decarboxylase medium and were incubated at 37°C without shaking. When cell density reached an optical density at 600 nm of 0.3, IPTG was added to induce the expression of cadA or cadB carried by plasmid pCADA or pCADB, respectively. The cells were pelleted after the absorbance reached 0.65 to 0.7, and 1 ml of each supernatant was tested for cadaverine content. All reagents and procedures used for the cadaverine assay were as described by Phan et al. (41) , except that the reaction temperature was changed from 40 to 43°C. A 1.02 x 10-2 M concentration of TNBS (2',4',6'-trinitrobenzylsulfonic acid) was added to react with cadaverine, lysine, and trace amounts of other amines and amino acids at 43°C for 5 min. The colored product, N,N'-bistrinitrophenylcadaverine (TNP-cadaverine), was separated from N,N'-bistrinitrophenyllysine by extraction with 2 ml of toluene. The A340 of the extract was read. In order to verify that other trace amounts of amines and amino acids present in the supernatant did not affect the validity of cadaverine excretion assay by the spectrophotometric method, appropriate medium blanks were used. Also, in a separate specificity experiment, [U-14C]lysine (1.5 ,uCi/ml) was added to the culture 10 min before the cells were pelleted. Subsequent reaction of the supernatant with TNBS and extraction with toluene were conducted as described above. An aliquot of the extracts was mixed with scintillation fluid and counted.
Nucleotide sequence accession number. The nucleotide sequence of the cad operon has been deposited in GenBank, accession no. M76411.
RESULTS
Localization of cadA gene. Preliminary data indicated that cadA was close to the right end of the insert in pLC4-5, as shown in Fig. 1 . Therefore, fragments covering a region of about 3 kb of this end were subcloned and sequenced. Previous Southern hybridization mapping experiments with GNB581 and GNB8385 (5), two Mu dX fusion strains deficient in lysine decarboxylase activity, had shown that the insertion positions of Mu dX were in the 0.6-kb PstI-XhoI fragment and in the 0.9-kb EcoRI fragment, respectively (Fig. 1) . The sequence revealed a 715-amino-acid polypeptide whose N terminus matched the known peptide sequence of the N-terminus (Fig. 2) . The active-site peptide (50) also was found (corresponding to nucleotide positions 2984 to 3028). Only one glutamine residue at the active site did not match the originally reported glutamic acid residue, which The plasmid pCADA containing the entire cadA gene together with its ribosome binding site was made by cloning a 2.6-kb ScaI fragment from pLC4-5 into the SmaI fragment on the plasmid pBGS18+ (54), placing cadA under the control of the lacUV5 promoter. Upon induction by IPTG, this plasmid made a protein the size of inducible lysine decarboxylase (81 kDa) (Fig. 3a) , which was also seen in a maxicell system (Fig. 3b) . Plasmid pCADA also expressed a functional lysine decarboxylase upon induction by IPTG, as determined by lysine decarboxylase indicator medium (17) and cadaverine excretion assay.
Amino acid sequence of biodegradative lysine decarboxylase. The amino acid composition and molecular weight of inducible lysine decarboxylase deduced from the DNA sequence are quite similar to the results reported from chemical degradation (50 (55) , their lysine decarboxylase nucleotide sequences have 73% homology (number of the same nucleotide residues/total number of nucleotide residues of the E. coli lysine decarboxylase gene) and the amino acid sequences have an 80% homology (number of identical amino acid residues/total number of amino acid residues of E. coli lysine decarboxylase) (Fig. 4) ; however, only 41% of the amino acids use the same codon. The amino acids and spacing exhibit strong regions of homology except for a small portion at the carboxyl end. The two enzymes catalyze the same decarboxylation reaction of lysine to cadaverine. The difference is that, in E. coli, the basal level of lysine decarboxylase is very low, but upon induction at acidic pH and under anaerobic conditions the expression rises sharply (20) ; on the other hand, in H. alvei, the production of the enzyme is independent of pH changes (51) . This may suggest an explanation for the observation that although these two lysine decarboxylase genes are very similar, no similarity was found in the flanking regions.
Biosynthetic ornithine decarboxylase catalyzes the decarboxylation of ornithine to putrescine in the polyamine biosynthesis pathway. Although the overall amino acid sequences of biodegradative lysine decarboxylase and biosynthetic ornithine decarboxylase have only 29% homology, there are several more conserved domains, including the pyridoxal 5'-phosphate binding site. The conserved domains are aligned to biodegradative lysine decarboxylase throughout the sequence, except for the first 120 N-terminal amino acid residues (Fig. 4) .
Identification of the cadB gene and its protein product. That the pH-regulated promoter of cadA could not be detected within 600 bp upstream from cadA by earlier primer extension and by promoter cloning experiments led us to suspect that cadA might reside in a multigene operon. Indeed, sequencing of the upstream region revealed another ORF, which we have designated cadB. This ORF would encode a polypeptide of 444 amino acids (Fig. 2) . To identify its gene product and understand its physiological role, a PCR fragment containing the cadB gene was amplified and cloned into multicopy plasmid pPV9+700 (61); the resulting plasmid was designated pCADB. The higher mobility (Fig. 3b) (34) .
In order to check for proper retention of the coding triplet phase of the cadB sequence, several in phase protein fusions were made at various points within cadB from very close to the beginning of the gene to one fusion in the third-to-last codon. These cadB::lac protein fusions were assayed for their pH responses, and similar levels of induction were observed among the cadB::lac protein fusion constructs (37) . This supported the idea that the entire ORF was being translated in the phase shown and that the true size of the protein is -47 kDa. Its highly hydrophobic profile (Fig. 5) suggested that CadB was a membrane-associated protein.
Homology between CadB of E. coli and ArcD of P. aeruginosa. In addition to some similarities between short stretches of the CadB sequence and the sequences of several integral membrane proteins from a GenBank search, the most significant finding was the homology with ArcD of P. aeruginosa. Not only do they have comparable sizes (444 versus 482 amino acids), but the similarity is observed throughout their sequences. Although the homology was not reflected by using identical amino acid residues, a very close relatedness between CadB and ArcD was apparent. The arrangement of CadB and ArcD membrane spanning domains as revealed by Kyte and Doolittle hydropathy graphs (32) strongly suggested a similar natural folding pattern for both CadB and ArcD (Fig. 5) , and therefore they might perform a similar function or at least adopt a similar structure in their physiological roles.
Cadaverine excretion. Upon full induction of the cad operon, large quantities of lysine decarboxylase are produced, and if high amounts of lysine are present in the medium, one would expect significant amounts of cadaverine to be formed under the induced condition, since no other pathways to further metabolize cadaverine in E. coli are known and excessive levels of some polyamines can be toxic (56) . Cadaverine was speculated to be excreted from the cell on the basis of some indirect evidence (27) , and cadaverine was isolated from the medium (19) . The discovery of the cadB gene ignited our interest to test for release of cadaverine using a colorimetric assay originally designed for assaying lysine decarboxylase activity assay (41) . Two Mu lac fusion strains, GNB581 (cadA ::lacApr) and GNB8385 (cadB::lacApr), have phenotypes of CadB+ CadA-and CadB-CadA-, respectively. Together with MC4100 (CadB+ CadA+) and in combination with plasmids pCADA and pCADB, various phenotypes of CadB and CadA could be manipulated. For the convenience of drug selection, GNB8385K (cadB::lac Kmr) was used to harbor plasmid pCADB. The strategy to overcome growth inhibition by induced pCADB on CSR603 in maxicell experiments was implemented again by introducing the lacIq gene on an F factor into respective strains through mating. of the large amount of lac repressor from the overproducing lacIq allele would act to more fully repress expression of the cad gene under lac control on the high-copy-number plasmid. A summary of the results of cadaverine measurements is presented in Table 2 . A large amount of cadaverine in the medium was detected at pH 5.5 but not at pH 8 and not in the absence of lysine decarboxylase. The IPTG-induced expression gave levels of cadaverine comparable to those found with pH induction (GNB581F'/pCADA versus MC4100F'). The expression of cadA was a prerequisite for the source of cadaverine. However, in the absence of CadB (GNB8385F'/ pCADA versus MC4100F' or GNB581F'/pCADA), the amount of cadaverine detected in the medium was significantly reduced. To ensure the specificity of the experiment, [U-Cl4]lysine was used as the substrate and the amount of radioactive cadaverine was measured after a 10-min incubation. The results also showed a higher excretion of labeled cadaverine in the presence of CadB (data not shown). CadB appeared to facilitate the excretion of cadaverine at pH 5.5, but the effect of CadB was less conspicuous at pH 8. Chromosomal location of the cad operon and its neighboring genes. Genes that have been localized in the 93.2-to 94-min region are adi, melR, meUB, fumB, IvsU, cadBA, cadC, and pheR (5, 6, 13, 25, 42, 48, 62, 63) . Among them, nine genes (underlined) have been sequenced. Figure 6 shows the relative positions of these genes by comparing their restric- (31, 48) . The gene lysU, also present on pLC4-5, has recently been sequenced (13, 33) . It is in the same orientation as cadA, on the basis of comparison of restriction maps. According to the restriction map, there is a space of about 2 kb between cad4 and lysU. Immediately upstream from cadB, another ORF, cadC, was recently identified as a positive regulator of the cad operon (62) .
DISCUSSION
In the study of amino acid decarboxylases of E. coli, one should distinguish biodegradative amino acid decarboxylases from those biosynthetic enzymes involved in polyamine biosynthesis: arginine decarboxylase (speA), ornithine decarboxylase (speC), S-adenosyl-L-methionine decarboxylase (speD), and diaminopimelic acid decarboxylase (lysA). The biosynthetic decarboxylases are produced in low amounts and are unaffected by variation in pH (56) . In contrast, the expressions of the biodegradative decarboxylases-arginine decarboxylase (adi), glutamic acid decarboxylase (gadS), histidine decarboxylase, lysine decarboxylase (cadA4), and ornithine decarboxylase-are all induced at low pH and have special nutritional requirements (20) . Among them, the inducible arginine, lysine, and ornithine decarboxylases exhibit similarities in overall structure, although they display individual characteristics (56) . Although inducible arginine and lysine decarboxylases exist in almost all E. coli strains, inducible ornithine decarboxylase is absent in E. coli K-12 (2). The evolutionary relationship of these three amino acid decarboxylases has been discussed elsewhere on the (38) .
Biosynthetic arginine decarboxylase (38) has no homology with biosynthetic ornithine decarboxylase (9a; GenBank accession no. M33766) or biodegradative lysine decarboxylase, and sufficient physical differences even between the two forms of arginine decarboxylases are known. On the other hand, the amino acid sequence of biosynthetic ornithine decarboxylase bears a strong resemblance to that of biodegradative lysine decarboxylase and provides further evidence that biosynthetic ornithine decarboxylase and biodegradative arginine, lysine, and ornithine decarboxylases share a common origin (3). Intriguingly, biodegradative arginine decarboxylase has a subunit structure more similar to that of biodegradative lysine decarboxylase than to that of biosyn- 4420 (31) . The minute calibration unit follows that of Bachmann (6) . The restriction map is that provided by Kohara (31) . Restriction enzyme site designations are B, BamHI; Bg, Bgll; E, EcoRI; K, Kpnl; P, Pstl; and R, EcoRV. (28) has prompted consideration of the hypothesis that these genes may belong to the same operon (13 (43) ; therefore, it is unlikely that there is significant expression of genes downstream of this terminator. However, because of the magnitude of expression of cadA, the possibility of some carryover transcription to the lysU region from the cadA promoter cannot be completely excluded.
The control of intracellular pH in bacteria is complex and involves coordination of the activities of a number of ion transport systems (9) . Although E. coli can grow with little difference in generation time over a pH range of 5.5 to 8.5 (21) , the intracellular pHs of vigorously growing E. coli cells remain constant at pH 7.4 to 7.8 (53, 65) . A rapid shift to low pH transiently lowers the internal pH, but it quickly recovers. Major factors required in maintaining pH homeostasis in response to acid challenge appear to include having a source of energy, the proton translocating ATPase, and the ability to transport potassium ion, but the complicated interrelationships among transport processes should not be underestimated (9) . After the discovery of pH induction of amino acid decarboxylases, their role in a pH response was considered. In support of their importance were the observations of reduced ability of arginine decarboxylase mutants to grow at low pH (7) and the decrease in growth of a histidine decarboxylase Lactobacillus mutant at low pH (46) . Proposed models of how the action of amino acid decarboxylases can allow further growth under acidic growth conditions have considered the production of CO2 by the reaction, in light of the requirement of CO2 for growth and as a compensatory mechanism for the loss of CO2 at low pH by chemical equilibrium (8) . Also considered has been the effect of the decarboxylase reaction on the intracellular pH in preventing overacidification (20) . At based on the fact that during the decarboxylase reaction, one H+ is removed per molecule of lysine processed. Thus, the reaction could eliminate a large quantity of H+ ions from the cell. Another aspect of the action of decarboxylases is the increase in the extracellular pH value due to the large-scale removal of lysine and H+ with the concomitant production of a polyamine. Indeed, specific acid-base-indicating media which allow the screening of bacterial strains for the presence or absence of inducible arginine, lysine, or ornithine decarboxylases have been developed elsewhere (17) . The rationale of the method is based precisely on the fact that decarboxylase-positive strains could prevent the color change caused by excessive acidification from glucose fermentation.
In the proposed model (Fig. 7) , lysine is taken in vigor-J. BACTE FRIOL. cadaverifne ously and turned over quickly to cadaverine and CO2. The driving force of this movement would be further aided if the end products can be rapidly removed from the system. Carbon dioxide can freely escape through the cell membrane to the atmosphere, and this property was used in identification of cadR and cad4 mutants (57) , but how does the cell deal with the excess amount of cadaverine? There are no enzymes in E. coli that normally catabolize cadaverine; logically, if the cell does not possess some kind of secretion device(s), the accumulation of cadaverine will not only disrupt the electrochemical equilibrium and eventually become toxic but will also slow the lysine decarboxylase reaction and therefore prevent further processing of H+ and lysine. The existence of membrane protein CadB helps solve this basic problem. Although the excretion of polyamines has previously been studied with respect to K+ and osmolarity (40) and polyamine transport systems have been investigated elsewhere (29, 30, 39) , the relation of these studies to the pH response has not been thoroughly considered. An ability of CadB not only to facilitate the excretion of cadaverine but to act in such a way as to coordinate cadaverine excretion with lysine uptake makes an attractive model. In order to resolve this role for cadB, more detailed transport assays need to be undertaken. However, because of the similarity between CadB and ArcD of P. aeruginosa, it is tempting to speculate that CadB might constitute a lysine/ cadaverine antiporter or at least part of it.
A hypothetical working model for maintaining pH homeostasis by the CadBA system is presented in Fig. 7 . In this case, amino acid decarboxylases would play an ideal role in the efficient reduction of extracellular H+. The source of the H+ used in the decarboxylation could come from several routes: H+ accumulated inside the cell by proton permeability or brought in by weak acids or via other transporters. An alternative possibility is that H+ is brought in at the same time as lysine by the CadB system. Examples of concomitant uptake of H+ together with a specific amino acid are known (1) . The plausible explanation is that symport systems allow the accumulation of some amino acids and carbohydrates from the medium beyond the limitation of electrochemical equilibrium in uniport systems (35) . The same strategy can also be adopted to raise the external pH, if the significance of H+ uptake is considered. It may seem fruitless to bring in extra H+ ions while the cell is suffering from acid stress, but if the external low pH can be slightly raised, the culture will benefit by extended growth. The presence of an antiporter which couples uptake of amino acid with release of the polyamine product would constitute a complete system for feeding substrate to the decarboxylase while removing product.
P. aeruginosa uses the arginine deiminase pathway to convert arginine to ornithine and carbamoylphosphate, which serves to generate ATP under anaerobic, nitrate-free conditions (60) . A similar pathway also exists in Streptococcus spp., in which the arginine/ornithine exchange has been well studied previously (44) . The speculation that CadB is a lysine/cadaverine antiporter is based on the observation that a CadB-strain showed significant decrease in cadaverine excretion even in the presence of CadA (lysine decarboxylase). The energy cost-free arginine/ornithine antiporter has been shown to exist in bacteria, and the driving force solely depends on the opposite concentration gradients of arginine and ornithine across the membrane (44) . Similarly, the high level of lysine decarboxylase activity can also create a concentration gradient that would assist in providing the driving force to favor the antiport model. The attempt to detect cadaverine secretion from cells grown in minimal medium supplemented with 10 ,uM lysine (as opposed to >43 mM in the modified Falkow medium) was unsuccessful even with IPTG-induced expression of both cadA and cadB (data now shown). This might be explained as the necessity of a high concentration gradient at low pH for proper functioning of CadB. If the transporter behaves such that high external H+ concentration increases the uptake of lysine and concomitant excretion of cadaverine, this would be very supportive of the coordinate role of the CadA CadB system in neutralizing H+ from the medium.
Is there a specific lysine transport system that functions only for the purpose of raising the external pH, or does the expression of cadB modify the usual transport mechanism to a more efficient and energy cost-free antiport? The relation of cadB to previously studied lysine transport systems of E. coli (1, 45, 47 ) is unclear. The only known locus affecting the expression of cadA4 (and cadB) is the cadR gene, which has been mapped to 46 min (57) . The spontaneous CadR mutant strains were selected by resistance to SAEC (S-aminoethyl cysteine), and they showed a lowered level of lysine transport and relieved a requirement for the presence of exogenous lysine for the maximal induction of cadA (45) . SAECresistant strains have also been shown to excrete a large amount of lysine into the medium (26) . However, cadR is not responsible for the pH and air regulation of cadA (4). One possible'explanation is that cadR is the pH-constitutive lysine transport system or regulates these systems, which mainly provide lysine for protein synthesis, whereas cadB dominates the massive lysine uptake at low pH for the purpose of neutralizing H+. This model is supported by the observation that normal lysine transport systems are repressible by lysine (12) , where as cadB is further induced by lysine. The validity of this hypothesis awaits detailed analysis of the transport behavior of cadB and the elucidation of the sequence and function of the cadR locus.
Recent studies of the regulation of the cad operon by extracellular pH have located the site of pH regulation of the promoter (37) and shown'the requirement for an upstream gene cadC in the pH response (62) . Analysis of the mechanism of pH sensing and signal transduction can now be approached. Preliminary experiments with the inducible arginine decarboxylase indicate that cadC is not'required for pH regulation of this gene although some mutations (i.e., osmZ) that affect both the lysine and the arginine decarboxylase systems have been isolated (data not shown).
